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Structural Basis for Proofreading
during Replication
of the Escherichia coli Chromosome
This may allow control of the proofreading exonuclease
separate from the polymerase activity, for example, in
the SOS mutagenic response [25, 26]. Although the
structure of the small  subunit has been determined
by NMR spectroscopy [27], its function is still uncertain.
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Australia The  subunit is comprised of two domains: a 185-
residue N-terminal domain (called 186) that bears the
exonuclease active site and interacts with  [28, 29], and,
following a Q-linker sequence presumed to be flexible, aSummary
smaller C-terminal domain that interacts with  [28, 30].
The N-terminal domain of the E. coli enzyme is the arche-The  subunit of the Escherichia coli replicative DNA
polymerase III is the proofreading 3–5 exonuclease. typal member of the DnaQ superfamily of 3–5 exo-
nucleases [31], which includes not only all of the replica-Structures of its catalytic N-terminal domain (186)
were determined at two pH values (5.8 and 8.5) at tive proofreading enzymes, but also many exonucleases
involved in other aspects of nucleic acid metabolism.resolutions of 1.7–1.8 A˚, in complex with two Mn(II)
ions and a nucleotide product of its reaction, thymidine Historically, amino acid alignments among polymerase-
associated 3–5 exonucleases first showed several5-monophosphate. The protein structure is built
around a core five-stranded  sheet that is a common conserved motifs (ExoI, ExoII, and ExoIII; Figure 1A)
[32–34] that contain carboxylate residues presumed byfeature of members of the DnaQ superfamily. The
structures were identical, except for differences in the analogy with the structure of the corresponding domain
of Pol I [4] to interact with two divalent metal ions thatway TMP and water molecules are coordinated to the
binuclear metal center in the active site. These data participate in phosphodiester bond cleavage [35–37].
The canonical ExoIII motif is absent in  and other proof-are used to develop a mechanism for  and to produce
a plausible model of the complex of 186 with DNA. reading exonucleases associated with Pol C family poly-
merases, being substituted by an alternative motif
named ExoIII [38, 39].Introduction
A wider examination of sequence conservation within
the DnaQ superfamily subsequently suggested that itFidelity of DNA replication is determined by three pro-
cesses: base selection by a DNA polymerase, editing of could be divided into five subfamilies A–E, with the DNA
polymerase-associated enzymes grouped in subfamilypolymerase errors by an associated 3–5 exonuclease,
and postreplicative mismatch repair [1, 2]. In Escherichia A [40]. The structural significance of this evolutionary
division is not yet clear. What now seems likely, basedcoli, these processes contribute to duplication of the
genome by the replicative DNA polymerase III (Pol III) in part on the work reported here, is that structures
of the replicative proofreading domains (and probablyholoenzyme with error frequency 1010 per base pair
replicated [3]. DNA polymerases have been classsified others as well) can be subdivided depending on the
occurrence of a particular tyrosine or histidine residueinto families on the basis of sequence and presumed
structural similarity to three of the distinct DNA polymer- that precedes a strictly conserved aspartate, usually by
four (for Tyr, in the ExoIII motif) or five residues (for His,ases of E. coli, Pol I (family A), Pol II (family B, including
the archaebacterial and eukaryotic DNA polymerases , in the ExoIIImotif). For the moment, we designate these
two structural subfamilies DnaQ-Y and DnaQ-H, respec-, and ), and Pol III (family C). In recent years, determina-
tion of the structures of members of the Pol A and Pol tively. The corresponding residue in  is His162, which
is shown here to be at the active site and critically in-B families [4–15] has led to a good understanding of
their mechanisms of DNA synthesis [16–20]. However, volved in the mechanism.
It is also apparent that the DnaQ-H structural subfam-there is no structure yet solved of a polymerase from
the Pol C family. ily is itself not restricted to replicative proofreaders, but
contains members that function, for example, in DNAThe Pol III holoenzyme is comprised of a core of three
subunits, , , and , and seven accessory subunits repair or RNA degradation (like exonuclease I and oligo-
ribonuclease). The crystal structure of one member ofthat together contribute to its extraordinary efficiency,
processivity, and fidelity [21, 22]. Within the core, the this subfamily has been reported, that of E. coli exo-
nuclease I at 2.4 A˚ resolution [41]. Although the catalyticlarge  subunit contains the polymerase active site,
while  (242 residues), the product of the dnaQ gene [23], domain of exonuclease I is distantly related in sequence
to the N-terminal domain of , its topology and structureis the 3–5 exonuclease that serves as the proofreader.
That the polymerase and exonuclease active sites are are shown here to be very similar.
Alignment of the amino acid sequence of  with apresent on separate subunits is an unusual situation,
since in most DNA polymerases, determinants of both series of most closely related proteins thought to serve
activities reside in a single polypeptide chain [21, 24].
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Figure 1. Structure of the N-Terminal Domain
of the  (Pol III) Proofreading Exonuclease
(A) Comparison of the sequence and second-
ary structure of 186 (DnaQ) with that of the
nuclease domain of E. coli exonuclease I
(ExoI; PDB code 1FXX) [41]. Structure-based
sequence alignment was carried out using
DALI [75]. Loop regions are shown above and
below in yellow,  strands in green, and -
and 310-helices in red and blue, respectively.
Strictly conserved active site residues in the
ExoI, ExoII, and ExoIII motifs (marked) are
shaded in blue, other identical residues in
black, and other conserved residue types in
gray.
(B) Stereo plot of the C backbone of 186.
Spheres are drawn every 10 residues for ref-
erence. (Drawn with MOLSCRIPT [76].)
as proofreaders for the Pol C family polymerases in other (where  has low activity) and 8.5 (where activity is near
its maximum). pH-dependent differences in the waybacterial species indicates that they all belong, by this
definition, to the DnaQ-H subfamily, and that although TMP and water molecules are coordinated to a binuclear
Mn(II) center give persuasive insights into the mecha-the N-terminal exonuclease domain is well conserved,
the C-terminal portion that interacts with  in E. coli [30] nism of action of , which may help to explain its higher
activity in comparison with the 3–5 exonuclease of E.is not [29]. By using several dnaQ mutants, Taft-Benz
and Schaaper [39] showed the importance of the three coli Pol I, which is the best-characterized enzyme in this
general class.Exo motifs in the N-terminal domain of  for catalysis,
and Perrino et al. [28] and Hamdan et al. [29] indepen-
dently showed that it is active alone as an exonuclease.
NMR data were recently used in conjunction with mo- Results
lecular modeling techniques to produce a model for the
structure of the 186 domain [42]. Here, we report crystal Crystal Structures of 186
Crystals of the exonuclease domain of the  subunit ofstructures of the same domain at resolutions of
1.7–1.8 A˚. In these new crystal structures, 186 is com- DNA polymerase III, 186, and its SeMet derivative were
grown at pH 5.8 in the presence of MnCl2 and TMP, aplexed with two active site Mn(II) ions and a molecule of
thymidine-5-monophosphate (TMP). Deoxynucleoside product of its reaction [29]. They diffracted to 1.7–1.8 A˚
at synchrotron sources. The atomic structure of the 1865-monophosphates are the nucleotide products of the
3–5 exonuclease reaction and have been shown to be complex with two Mn(II) ions and TMP was first solved
at a resolution of 1.8 A˚ in space group P41212 usingcompetitive inhibitors of -catalysed hydrolysis of both
single-stranded DNA [43] and the 5-p-nitrophenyl ester phases obtained from MAD data (Table 1) collected with
the SeMet derivative. This structure was used as a modelof TMP [44]. This implies that TMP binds at the active
site of  in a manner that mimics interaction of the en- to determine the structure of the native protein using
crystals that had been soaked in buffers containing Mn2zyme with substrates.
The structure of the 186-Mn(II)2-TMP complex was and TMP at pH values of 5.8 (1.7 A˚ resolution) and 8.5
(1.8 A˚ resolution; Table 2). In all three structures, electroninitially solved by multiple wavelength anomalous dif-
fraction (MAD) phasing of data from a crystal of the density is continuous from Arg7 through Gly180; the first
5 and last 6 residues were apparently disordered inselenomethionine (SeMet)-substituted protein grown at
pH 5.8. This was then used as a model to refine struc- the crystal, as might have been anticipated from NMR
studies that showed precisely the same residues to betures of the native protein from similarly grown crystals
that had been soaked in buffers at pH values of 5.8 in flexible regions of the structure in solution [29]. Side
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Table 1. Summary of Data Collection
Resolution Reflections
Crystal and X-Ray Energy Range (A˚) (Total/Unique) % Complete 	I/
 RScala
SeMet
E  12.653 keV (peak) 50–1.8 517,715/19,776 98.4 14.9 0.056
(1.86–1.8 1898 96.8 0.142)
E  12.651 keV (inflection) 50–1.8 517,646/19,750 98.2 18.3 0.043
(1.86–1.8 1909 97.4 0.102)
E  12.951 keV (remote) 50–1.8 512,268/19,707 98.0 16.0 0.051
(1.86–1.8 1873 95.6 0.133)
Native (pH 5.8)
E  12.658 keV 50–1.7 423,356/22,532 94.9 9.0 0.049
(1.76–1.7 1813 78.0 0.152)
Native (pH 8.5)
E  12.658 keV 50–1.8 362,893/20,091 99.7 6.8 0.041
(1.86–1.8 1920 98.4 0.204)
a Rscal  (|I  	I|)/(I), where 	I refers to the average intensity of multiple measurements of the same reflection.
chain density was observed for all except three surface extension of the sheet (1–3) and the two helices 3 and
7: the conserved carboxylate residues in the ExoI, ExoII,residues, Arg42, Glu71, and Lys158.
and ExoIII sequence motifs are located in 1, 3, and
7, respectively (Figure 1A). There are further interac-General Description of the Structure of 186
The 186 exonuclease domain is folded into an / tions with residues at the C-terminal end of the long
loop between 6 and 7 (i.e., His162), and the boundstructure with an open, twisted, mixed  sheet of five
strands (1–5; Figures 1 and 2A). Strand 2 is antiparallel nucleotide lies across the face of 1. A notable feature
is that the C-terminal helix (7) is markedly shorter into the others. The substrate binding site is clearly identi-
fied in the structures at both pH 5.8 and 8.5 by the 186 than the corresponding helix in other structurally
characterized proofreading domains (Figure 2). Exceptpresence of a binuclear Mn(II) center and bound product
and competitive inhibitor, TMP [43, 44]. It is located in for the pH-dependent variations in the structure of the
active site that are described in detail below, there wasa large cavity on one side of the central sheet, bounded
by two loops containing  helices. The first loop includes no significant difference between the experimentally de-
termined structures at pH values of 5.8 and 8.5.1 and 2, while the second includes the three C-terminal
helices 5, 6, and 7. Helices 3 and 4 are located on
the other side of the central sheet. This topology is Structure of the Active Site
While protein side chains and the two metal ions in thesimilar to that seen in all other structurally characterized
DNA polymerase proofreading domains (Figure 2). active site at the two pH values occupy nearly identical
positions, the two structures differ in the way the 5-The exonuclease active site is formed primarily by
residues in the pocket between the 1 edge of the longer phosphate of TMP and water molecules coordinate to
Table 2. Refinement Statistics and Quality of Models
Statistic Native, pH 5.8 Native, pH 8.5
Refinement
Resolution range (A˚) 50–1.7 50–1.8
Reflections in working set (completeness, %) 21,278 (89.9) 18,705 (93.1)
Reflections in test set (completeness, %) 1179 (5.0) 1021 (5.1)
R/Rfreea 0.201/0.234 0.199/0.227
Number of protein atoms 1361 1361
Number of solvent molecules 224 228
Number of TMP molecules 1 (2 conformers) 1
Number of ethylene glycol molecules 3 2
Number of Mn atoms 2 2
Rms Deviation from Target Bonds
Lengths (A˚) 0.006 0.005
Angles () 1.339 1.265
B Factors (A˚2)
Average 23.62 16.41
Minimum 11.55 5.75
Maximum 69.10 59.08
Ramachandran Plot Statistics (%)
Most-favored regions 92.3 92.3
Additionally allowed regions 7.7 7.7
Generously allowed/disallowed regions 0.0 0.0
a R and Rfree  (|Fobs  Fcal|)/(Fobs). Rfree was calculated using 5% of the data not included in the refinement.
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tained contributions from two partially occupied struc-
tures—the dominant contribution came from what is
described here as the low-pH structure (85% occu-
pancy), while there was a lesser contribution (15%)
from the high-pH structure (Figure 4A). At pH 8.5, the
high-pH structure was the only one observed (Figure
4B). The two Mn(II) ions are 3.7 A˚ apart in both structures
(Figures 3A and 3B) and are bridged by the side chain
of Asp12 from the ExoI motif. In both the high- and low-
pH structures, one of the 5-phosphate oxygens of TMP
also bridges between the two Mn(II) ions. The “inner”
Mn(II) ion (MnA) has five-coordinate, approximately trigo-
nal bipyramidal geometry and is bound to two additional
protein ligands, the side chains of Glu14 (in the ExoI
motif) and Asp167 (in ExoIII). In the low-pH structure,
the fifth ligand is another of the TMP-5-phosphate oxy-
gens, while at high pH, a coordinated water molecule
occupies a near-identical position. The second Mn(II)
ion (MnB) has nearly perfect octahedral geometry in both
structures. In the low-pH structure (Figure 3A), it has four
water molecules as ligands, two of which are hydrogen
bonded to Asp103 (ExoII motif), and the bridging carbox-
ylate and TMP-phosphate oxygens. In the high-pH
structure (Figure 3B), one of the water ligands is re-
placed, in near-identical position, by another of the 5-
phosphate oxygens. In the low-pH structure, protonated
His162 is hydrogen bonded to the TMP-5-phosphate
oxygen that is coordinated to MnA, while in the high-pH
structure it is deprotonated and is within H-bonding
distance of the MnA-coordinated water (or hydroxide ion)
that occupies the equivalent position. In the hydrolysis
reaction under optimum pH conditions, this coordinated
water molecule is likely to be the nucleophile, and His162
is the general base that deprotonates it (see Discussion).
Interaction with TMP
The TMP molecule is oriented in the active site through
several hydrophobic and H-bonding interactions. Al-
though its 5-phosphate is coordinated to the two metal
ions in different ways depending on pH, the deoxyribose
and thymine rings are in essentially identical positions in
the two structures (Figures 4A and 4B). The deoxyribose
moiety is stacked against the Phe102 ring on one side
and its 3–OH is H bonded to the backbone carbonyl
oxygen and amide proton of Thr15 and the imidazole
NH of His66. The thymine base is sandwiched in a
pocket that is closed on both sides. Its N3 proton isFigure 2. Comparison of Topology and Structure of the 186 Do-
H bonded to the carboxylate of Glu61, and there aremain with Those of Some Other DnaQ Superfamily Members
hydrophobic interactions between its ring and the sideLeft, schematic representations of the topologies of the 3–5 exo-
chains of Met18 on one side and Val65 on the other.nuclease domains of (A) the  subunit of Pol III (associated with a
Pol C family polymerase), (B) exonuclease I (PDB code 1FXX) [41], There is, however, no apparent steric impediment to
(C) DNA polymerase I (1KRP; a Pol A polymerase) [51], and (D) binding of natural bases other than thymine in this nucle-
bacteriophage T4 DNA polymerase (1NOY; Pol B family) [7]. The otide binding pocket. In the experimental structure at
color code for secondary structure elements is as in Figure 1. pH 8.5, a second somewhat disordered TMP molecule
Right, aligned three-dimensional representations of the structures
(Figure 4C) was also present in the active site cavity,of the same four proteins are shown. The locations of active site
positioned such as to occupy the likely position of themetal ions are designated by small spheres and the TMP molecule
penultimate nucleotide of a single-stranded DNA sub-in the structure of 186 (A) are shown. Structures were aligned on
the basis of positions of conserved metal-coordinating Asp and Glu strate (see Discussion).
residues at the active sites (Figure 3), using the program lsqkab
[77], and the figures were drawn using RIBBONS [78]. Discussion
Conservation of Structure among Proofreading
the two Mn(II) ions (Figures 3A and 3B). In the experimen- Domains of Three Families of DNA Polymerases
tally determined structure at pH 5.8, the electron density The structures of seven exonuclease domains of DNA
polymerases from the Pol A and Pol B families haveof the TMP and these coordinated water molecules con-
Structure of DnaQ Proofreading Exonuclease
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Figure 3. Structures of the Active Sites of
186 and Other Exonuclease Domains
(A and B) Low- and high-pH structures, re-
spectively, of the active site of 186. The two
Mn(II) ions, MnA and MnB are shown (in or-
ange) coordinated to the 5-phosphate of
TMP. The remainder of the TMP molecules
are omitted for clarity (but see Figure 4). Coor-
dinated-water molecules are represented by
red spheres.
(C–E) Comparative structures of the 3–5
exonuclease active sites of exonuclease I
(PDB code 1FXX) [41], DNA polymerase I
(1KRP) [51], and bacteriophage T4 DNA poly-
merase (1NOY) [7]. Structures were aligned
as in Figure 2, and diagrams were drawn us-
ing RIBBONS [78].
been determined. An example from each family is shown and His162 in ) that appear to be conserved just among
members of the DnaQ-H family [29]. As discussed below,in Figures 2C and 2D, respectively. Separate structural
alignment of 186 with each of the seven showed that, His162 probably acts as a general base to deprotonate
the active site nucleophile, while Gly17, Pro54, anddespite having low sequence identity, all of the proteins
fold into similar structures. All have a central five- Leu145 would seem to have important roles in main-
taining the structure of the hydrophobic core. Beyondstranded  sheet (1–5 in Figure 2) with identical topol-
ogy, and a long C-terminal helix (7) that packs against the structural conservation apparent between  and exo-
nuclease I, there are also indications that the polymer-it. These features can be aligned closely: the rms devia-
tion in positions of C atoms in1–5 in pairwise compari- ase-associated proofreading domains in the DnaQ-H
family have even greater similarity of structure. Con-sons is less than 2.5 A˚. Superimposition of the structures
using the positions of conserved residues in the active served among their sequences [29] is a further series
of predominantly hydrophobic residue types (i.e., Thr16,site (Figure 3) as reference points aligns these and many
other structural features (Figure 2). Of these proofread- Ile30, Ile31, Leu52, Ile68, Leu73, Val82, Val96, His98,
Met107, Leu148, and Ala164 in ) in two distinct regionsing enzymes, the 3–5 exonuclease domain of Pol I
(Figure 2C) has the highest sequence and structural of the hydrophobic core. Of these 12 residues, only four
(Ile68, Val96, Leu148, and Ala164) are present in thesimilarity to 186: overall sequence identity is 16.4%,
and the rms deviation in positions of C atoms in 1–5 same positions in exonuclease I (Figure 1A).
and 7 is 2.3 A˚.
The Conserved Active Site of Proofreading
ExonucleasesA Highly Conserved Structure among DnaQ-H
Family Members? The structures of the 3–5 exonuclease active sites of
186, Pol I and other enzymes in this class are remark-While 186 shows this degree of similarity to the exo-
nuclease domain of Pol I, its overall structure is even ably similar (Figure 3), despite the fact that  and the
corresponding domains of bacteriophage T4 and T7more similar to that of the catalytic domain of E. coli
exonuclease I (Figure 1A), the only other member of DNA polymerases are intrinsically at least two orders of
magnitude more active than Pol I [43, 45–48]. Indeed,the DnaQ-H family whose crystal structure has been
reported [41]. The two enzymes have identical topology given the much higher polymerase activity of Pol III and
the phage polymerases, it would be surprising if they(Figures 2A and 2B), except for the residue 19–23 loop
in 186 which does not appear in exonuclease I and had not evolved to have significantly more efficient exo-
nucleases.occurs inconsistently among other proofreading exo-
nuclease domains in this family [29], and the residue Alignment of the active sites of all seven proofreading
domains superimposes many residues associated with147–160 helix extension and loop in exonuclease I that
does not exist in the proofreading domains (Figure 1A). substrate binding, catalysis, and metal binding in a satis-
factory manner (see examples in Figure 3), indicatingTheir structures align (Figures 2A and 2B) with a rms
deviation of positions of corresponding C atoms of conservation of enzymic mechanism. The four active site
carboxylates in 186 are located in secondary structural1.8 A˚. This conservation of structure is notable since
sequence identity in a structure-based alignment (Figure elements similar to those in the exonuclease domains
of the other polymerases. Moreover, the binuclear metal1A) is only 20.9%. While some of the residues shared
by exonuclease I and 186 are those that are conserved centers (when they have been seen in crystal structures)
can also be aligned in near-identical positions.among all DnaQ superfamily members, e.g., the four
active site carboxylates (Asp12, Glu14, Asp103, and Nevertheless, the active site of 186 has structural
differences that may contribute to its higher acivity inAsp167 in ), there are others (like Gly17, Pro54, Leu145,
Structure
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is in the 6–7 loop rather than in the C-terminal helix,
which is thus substantially shortened. The position of
His162 in  is remarkably similar to that of His181 in
exonuclease I (Figures 3A and 3C), and the presence
of this residue in this position and shortening of the
C-terminal helix are likely to be common defining fea-
tures of DnaQ-H subfamily members.
Mechanism of Action of the  Subunit
of DNA Polymerase III
While these similarities among structures of active sites
of the exonuclease domains suggest a common phos-
phodiester bond cleavage mechanism [35–37, 49, 50],
the interactions between the metal ions and the oxygen
atoms of the reactive 5-phosphate in Pol I are still de-
bated, and most of our understanding of it comes from
the use of phosphorothioate substrates [51, 52]. There
has been some uncertainty about the mechanism of
the 3–5 exonuclease of Pol I because it has not been
possible to structurally characterize a complex of the
enzyme with a natural substrate at this site and locate
the nucleophile under conditions where the enzyme is
active. While the structure of 186 in a complex with an
oligonucleotide substrate has yet to be determined, we
do now have the structure of its complex with TMP at
a high pH value where the enzyme shows maximum
activity, and this structure shows important features that
lead to conclusions about its mechanism of action.
Figure 4. Structures of the Two TMP Molecules in the Active Site Inspection of the low- and high-pH structures of the
Region of 186 active site (Figures 3A and 3B, respectively) indicates
(A) OMIT [79] electron density map (contoured at 3 
) corresponding that pH-mediated interconversion between them could
to the active site TMP molecule in the experimentally determined
occur by reversible nucleophilic addition of a Mn(II)-structure of the 186.Mn(II)2.TMP complex at pH 5.8. Electron density
coordinated water molecule from the back face of thewas modeled as containing contributions from two alternate con-
TMP-5-phosphorus center, resulting in inversion of ste-formers (shown). The minor conformer (15%) was identical to that
seen as the only one in the high-pH structure (see [B]), while the reochemistry about the phosphorus atom. The pH de-
major conformer (85%) was designated as that in the “low-pH pendence of the structure would thus be determined
structure” of the 186 complex. primarily by the state of protonation of the imidazole of
(B) OMIT electron density map (contoured at 3 
) for the active site
His162. That the experimentally determined active siteTMP molecule in the structure of the 186.Mn(II)2.TMP complex at
structure at pH 5.8 contains an15% contribution frompH 8.5, shown with the modeled structure of the (single) conformer
the high-pH structure (Figure 4A) suggests that underof TMP observed at this pH, which was thus designated as that in
the “high-pH structure”. the conditions of crystallography, the pKa of His162 in
(C) OMIT map (contoured at 1 
) showing additional electron density the TMP complex is about 6.5. This hypothetical water
in the neighborhood of the active site in the structure of the exchange reaction provides a good conceptual frame-
186.Mn(II)2.TMP complex at pH 8.5. This density is probably that of work for understanding the mechanism of -promoteda second TMP molecule in the position occupied by the penultimate
phosphodiester cleavage at high pH (Figure 5).dNMP of a DNA substrate (see [D]). The model for the structure of
The high-pH crystal structure of the TMP complexTMP is one of several alternate conformers that appear to exist
under these conditions (see the text for details). (Figure 3B) shows the deprotonated imidazole of His162
(D) OMIT map showing the additional density, as in (C), overlaid H bonded to the MnA-coordinated water molecule: we
on the modeled structure of the penultimate deoxyguanosine 5- suggest this structure mimics the active site in the Mi-
monophosphate (dGMP) in a DNA molecule bound at the active site
chaelis complex (Figure 5A). His162 is in an excellentof the 3–5 exonuclease domain of DNA polymerase I (PDB code
position to act as a general base to deprotonate the1KLN). The structure of 186 at pH 8.5 and that of a complex of
coordinated water to generate coordinated hydroxide,DNA with the Klenow fragment of Pol I [63] were aligned on the
basis of positions of active site carboxylate residues (Figure 3) as which is well established in model and metalloenzyme
described in Figure 2, to give the indicated position and orientation chemistry to be a powerful intramolecular nucleophile
of the “penultimate” dGMP residue (without any further manipu- [53, 54]. Back-side attack of the nucleophile and inver-
lation).
sion about phosphorus via a trigonal bipyramidal transi-
tion state [55, 56] (or intermediate) stabilized by both
metal ions would result in expulsion of the leaving groupcomparison with the 3–5 exonuclease of Pol I. Most
important is the substitution of the highly conserved (the 3–OH of the polynucleotide product). The immedi-
ate enzyme-dNMP product complex (Figure 5B) wouldactive site tyrosine in enzymes of the DnaQ-Y family
(Tyr497 in Pol I [33, 37]) with histidine in the DnaQ-H have a structure essentially identical to the low-pH
structure of the 186-TMP complex (Figure 3A). This isfamily (His162 in ). In  and exonuclease I, this histidine
Structure of DnaQ Proofreading Exonuclease
541
that activity reaches a maximum at pH values above
8.5 [44]. Since the pKa of Mn(II)-coordinated water in
Mn(H2O)62 is 10.6 [57], it is very likely that this kinet-
ically determined pKa is that of His162 in the Michaelis
complex with pNP-TMP. As noted earlier, His162 in the
TMP complex has an observed pKa of 6.5 under the
quite different buffer conditions of 186 crystallization
(and data collection), and there was no evidence of it
being partially protonated in the experimental structure
at pH 8.5. In this situation, the pKa of His162 is clearly
lowered by its H-bonding interaction with the 5-phos-
phate of TMP (Figures 3A and 3B).
Thus, it seems very likely that the role of the imidazole
of His162 is to promote deprotonation of the MnA-coordi-
nated water. The two carboxylate oxygens of Glu14 also
have distinct roles, wherein one serves as a ligand of
MnA, while the other is H bonded to the coordinated
nucleophile. We suggest that this residue facilitates fur-
ther deprotonation of the five-coordinate phosphorane
(intermediate) to drive its collapse to products (Figure
5A). An alternate possibility is that Glu14 serves to orient
the nucleophile, as proposed for the equivalent residue
(Glu357) in Pol I [36, 37].
The pH dependence of the 3–5 exonuclease activity
of Pol I is qualitatively similar. Its activity is relatively
constant at pH values above 10, increasing some 45-
fold between pH 7.5 and 10.2. Activity appears to de-
pend on a group with pKa near 9.8 that is proposed either
to be a Mg(II)-coordinated water molecule or Tyr497 [37].
It is likely that substitution of His162 in  for Tyr497 of
Pol I accounts for dependence on a group with a lower
pKa. Because histidine is a much more effective generalFigure 5. Mechanism of Phosphodiester Bond Cleavage by the 
base than tyrosine at lower pH values, it is tempting toProofreading Subunit of DNA Polymerase III
suggest that this also accounts for the much higher(A) Model for the enzyme-substrate complex.
activity of . However, comparisons of this type are not(B) Model for the first-formed enzyme-product complex.
The proposed sequence is as follows. (i) The substrate is bound as straightforward because the influence of other interac-
modeled by the high-pH structure of the 186.Mn(II)2.TMP complex tions with DNA substrates in and around the active site
(Figure 3B). (ii) His162 acts as a general base to deprotonate the cannot be assessed in the absence of high-resolution
MnB-coordinated water. (iii) The product MnB-coordinated OH nu- structures of complexes of  with such substrates.
cleophile attacks the coordinated phosphodiester, to produce a
We now turn to the role of the other metal ion, MnB.five-coordinate phosphorane intermediate (or transition state). (iv)
It is less extensively coordinated to protein ligands thanThe phosphorane is further deprotonated by Glu14, acting as a
second general base. (v) This second deprotonation drives collapse is MnA. Whether it binds in the  active site in the absence
of the phosphorane to products, with concerted elimination of the of substrate is a question whose answer requires further
deoxyribose 3 oxygen of the penultimate nucleotide. (vi) This sugar experimentation. One of its roles in the proposed mech-
3–OH leaving group is protonated by a general acid, probably one anism is to coordinate the reactive phosphate group,
of the MnA-coordinated water molecules that is hydrogen bonded orienting it and withdrawing electrons from the phos-to Asp103. (vii) The immediate deoxynucleoside monophosphate
phorus center to activate it toward nucleophilic attack,product is coordinated in a manner modeled by the low-pH structure
of the 186.Mn(II)2.TMP complex (Figure 3A). stabilizing the developing negative charge in the transi-
tion state. A second function is to coordinate the 3-
phosphate oxygen of the substrate, assisting it to leave
the first time a complex with this structure has been (Figure 5A). There are three lines of evidence for the
characterized with a proofreading exonuclease. The po- latter role. The first is that it gives rise to the observed
sition of the oxygen atoms on the 5-phosphate is differ- low-pH structure of the 186-TMP complex (Figure 3A),
ent in the low-pH 186 structure (Figure 3A) from that which would thus be similar to the first-formed product
in Pol I-TMP structures at pH 5.8 [36] and 7.0 [51]. of the reaction (at higher pH), as shown in Figure 5B.
Although both metal ions collaborate in binding and The second is that the 3–OH of the leaving deoxy-
orienting the reactive phosphate group, they otherwise nucleotide is coordinated to metal ion B in structures
have quite distinct roles (Figure 5). MnA acts to provide of oligonucleotides bound at the exonuclease site of Pol
a high local concentration of a powerful nucleophile I [51, 52, 58]. The third derives from the observation in
(coordinated OH) at near-neutral pH. The pH-rate pro- the crystal structure at pH 8.5 of a second (partially
file for hydrolysis of pNP-TMP by 186 at 25C shows disordered) TMP molecule in the vicinity of the active
a very simple dependence of kcat on a single group with site (Figure 4C). The 3-OH of the deoxyribose of this
second TMP molecule is in a sensible position for thea pKa value of 7.7, active in its deprotonated form, such
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Figure 6. A Structural Model for the Complex
of DNA with the  Proofreading Subunit of
DNA Polymerase III
Structures of 186 and a DNA complex with
the 3–5 exonuclease domain of DNA poly-
merase I (PDB code 1KLN) [57] were aligned
as described in Figure 2 (cf. Figure 4D). Coor-
dinates for the DNA fragment were then sim-
ply superimposed on the structure of 186,
without further manipulation, to produce the
model shown.
(A) Electrostatic surface potential of 186 at
neutral pH, calculated using GRASP [80]. Ac-
tive site Mn(II) ions were included in the calcu-
lation, but the TMP molecules were not. The
3-mismatched DNA duplex is shown. Pol I
requires that three base pairs melt at the end
of a duplex to allow the terminal nucleotide
access to the active site. This model suggests
the same is likely true for .
(B) Schematic representation of the model, in
the same orientation shown in (A). The TMP
molecule at the active site of 186, shown in
blue, defines the position of the 3-terminal
nucleotide of a DNA substrate. (Drawn using
RIBBONS [78].)
DNA leaving group, as assessed by its proximity to the carboxylate of Glu61. A carboxylate in this position is
not seen in any of the other polymerase-associated exo-5-phosphate of the coordinated (product) TMP, and it
is almost within bonding distance of MnB. nuclease structures, so this interaction may explain why
in the case of , the four different dNMPs have differentThe roles of the two Mn(II) ions in the mechanism,
where one activates the nucleophile and the other the kinetic parameters for inhibition and are hydrolyzed from
the ends of poly/oligonucleotide chains at different rateselectrophilic center and leaving group, have ample prec-
edent in model studies with substitution-inert metal [62]. Although identical residues in similar positions to
Thr15 and His66 are present in the structure of exo-complexes and in the chemistry of other metallo- and
metal-activated enzymes [53]. Collaboration of two nuclease I, there is no carboxylate corresponding to
Glu61 [41].metal ions in this way was proposed for the binuclear
Ni(II) enzyme urease in 1980 [59], and variations on this
mechanism have since been suggested for many binu- A Model for the Interaction of  with DNA
The Mn(II)-bound TMP that occupies the position ofclear metallohydrolases [54], including not only the 3–5
exonuclease of Pol I [36], but also alkaline phosphatase the 3 terminal nucleotide at the mismatched primer
terminus is enclosed snugly on one side of the active[60] and ribonuclease H [61].
A further difference between the structures of the TMP site pocket where it interacts with several protein side
chains as described above. By analogy with the struc-complexes of the 3–5 exonuclease of Pol I and  is the
presence of an extra H bond between the imidazole of ture of Pol I-DNA complexes [51, 52, 63], the electron
density corresponding to a disordered second TMP mol-His66 and the deoxyribose 3–OH of TMP in 186, along
with the Thr15 backbone interactions that are seen in ecule (Figure 4D) is also in the active site pocket in the
position predicted for the penultimate 3 nucleotide ofthe other proofreading exonucleases. This suggests that
 may be better able to discriminate against modified a mismatched primer, and its 5-phosphate group would
then be held in place by interaction with the guanidiniumterminal nucleotides. In 186, there is also a H bond
between the protonated base ring nitrogen (N3) and the group of Arg159. In fact, simple superimposition of the
Structure of DnaQ Proofreading Exonuclease
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structure of the Pol I-DNA complex on the 186 structure, polymerases in the Pol A and Pol B families, which
is indicative of general conservation of mechanismusing the conserved features of the active site as points
of reference, produces the model of the 186-DNA com- throughout evolution. Nevertheless, there are unique
features that may contribute to  being considerablyplex shown in Figure 6. As in Pol I, it is apparent that
three base pairs at the end of a paired primer terminus more active than Pol I. In particular, the general base
at the active site is a histidine rather than tyrosine sidewould need to melt to give the terminal nucleotide ac-
cess to the active site, and this is consistent with studies chain. Structures of the 186-Mn(II)2-TMP complex de-
termined at pH values of 5.8 and 8.5 showed differencesof the rates of -promoted cleavage of nucleotides from
the ends of mismatched termini, and the temperature in the way water molecules and TMP are coordinated
to the binuclear metal center. The high-pH structuredependence of rates of degradation of paired termini
[43, 64]. appears to mimic the enzyme-substrate complex, while
the low-pH structure seems to provide a good modelAt the entrance to the active site (on the upper left in
the views in Figure 6) is a cleft lined on one side by for the structure of the first formed enzyme-product
complex. On this basis, we advance a hypothesis forresidues Lys141 and Arg142. Their side chains are well
positioned to interact electrostatically with the phos- the chemical mechanism of  that is consistent with all
current knowledge.phodiester backbone of the DNA strands at the end of
the base-paired region of the primer template. By anal-
ogy with other DNA polymerases, this surface cleft is Experimental Procedures
likely to be at the end of a longer channel between the
Crystallization, Data Collection, and Processingpolymerase () and editing () sites in Pol III. Extension
Crystals of native 186 and its SeMet derivative were grown at pHof the template strand from its position in Figure 6 would
5.8 as described [29]. Data were collected at 100 K, using crystals
allow it to interact with the side chain of Arg151 and that had been transferred to cryobuffers and flash frozen. For collec-
Lys136. This series of electrostatic interactions with the tion of the SeMet and pH 5.8 native data, the cryobuffer was 0.1 M
cacodylate, pH 5.8, 40% (w/v) polyethylene glycol (8 K), 2.5 mMtemplate strand could contribute to the processivity of
MnSO4, and 2.5 mM TMP. For collection of the pH 8.5 data sets,Pol III holoenzyme. While it has been observed that 
crystals of 186 that had been grown at pH 5.8 were serially trans-increases not only the fidelity of the holoenzyme, but
ferred three times into drops of 0.1 M HEPES, pH 8.5, 40% (w/v)also its processivity [25], there has not previously been
polyethylene glycol (8 K), 2.5 mM MnSO4, and 2.5 mM TMP. Thean explanation for how this might be achieved. Continu- crystals were isomorphous in space group P41212 with unit cell
ous interaction of the template strand with the exo- dimensions a  60.8 A˚ and c  111.1 A˚. Statistics that summarize
data collection and structure refinement are given in Tables 1 andnuclease could help guide the slippage of the holoen-
2. A MAD experiment was conducted at three wavelengths on thezyme on the template necessary for it to advance a
SeMet derivative crystal at the BioCARS beamline BM14D of themispaired primer terminus from the polymerase active
Argonne Advanced Photon Source (Chicago, IL). The crystal dif-site to that of the exonuclease.
fracted to 1.8 A˚. Data from crystals of native protein at pH 5.8 and
The  subunit of Pol III is a small protein comprised 8.5 were collected at the FIP beamline, BM30A, at the European
essentially of three  helices [27]. It forms a stable com- Synchrotron Radiation Source Facility (Grenoble, France). The pH
5.8 crystal diffracted to 1.7 A˚ and that at pH 8.5 diffracted to 1.8 A˚.plex with 186 [28] and is proposed to exert a modest
influence on DNA binding by  [27]. Its structure is remi-
niscent of that of the small C-terminal domain (residues Structure Solution and Refinement
MAD data were used first to solve the structure of the SeMet deriva-420–477) of exonuclease I [41], which interacts in that
tive. The CCP4 suite of programs [65] was used to calculate Pat-enzyme with the 3–1 loop and 1 and 2 helices of the
terson and anomalous Patterson Fourier maps [66], to locate fourN-terminal exonuclease domain (see Figure 1A). We note
of the five Se positions [67], and refine the Se positions and phase
that interaction of  with the corresponding region of [68]. The phases were improved using solvent flattening, histogram
186 (circled in Figure 6A) would place it in a position matching, and skeletonization with the program dm [69]. The re-
sulting electron density maps were of excellent quality, and thewhere it could influence DNA binding in the manner
protein chain could be readily identified except for 5 residues at theproposed. Future studies of the structure of the complex
N terminus and 6 at the C terminus. An initial model constructedof  with  will be required to comment on this specu-
automatically using the programs ARP/wARP [70] was inspectedlation.
manually on a graphics terminal using the program O [71] and found
to be satisfactory. Additional density showed the presence of a TMP
molecule and two Mn(II) ions in the active site. These were added
Biological Implications to the model and automatic water picking and initial refinements
were carried out using CNS_SOLVE [72]. Water molecules with B
factors in excess of 60 A˚2 , or which were not within H-bondingIn this paper, we report the three-dimensional structure
distance of either a protein atom or another water molecule wereof an enzyme that serves to maintain the integrity of the
rejected. Initial R/Rfree values (defined as in Table 2) of 0.280/0.313chromosome during DNA replication in E. coli. The 
were reduced to 0.200/0.226 after rounds of positional refinement,
subunit of Pol III uses its 3–5 exonuclease activity to simulated annealing, and individual B factor refinement, inter-
edit nucleotides misincorporated by the associated spersed with manual rebuilding of the model. There was some resid-
ual density in both the Fo–Fc and 2Fo–Fc electron density maps, into5–3 polymerase ( subunit). The crystal structure of
which attempts were made to fit various molecules: phosphate, Tris,the domain of  that bears the exonuclease active site
NO3, HEPES, and ethylene glycol. Eventually three molecules ofis the first of a proofreading domain of a replicative
ethylene glycol were added to the model. Attempts to add atomspolymerase in the Pol C family, and the first of an edit-
with electron densities greater than those in the second row of the
ing domain in the DnaQ-H subfamily. The overall struc- periodic table yielded negative Fo–Fc density in subsequent differ-
ture and the active site show strong similarities with the ence maps. Additional positive Fo–Fc density indicated the possibility
of an alternate conformation of the TMP molecule, but no attemptcorresponding domains in DNA polymerase I and other
Structure
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was made to refine the alternate conformations for the SeMet deriv- a thermostable Bacillus DNA polymerase I large fragment at
2.1 A˚ resolution. Structure 5, 95–108.ative.
The structure of the native protein at pH 5.8 was refined using 9. Wang, J., Sattar, A.K.M.A., Wang, C.C., Karam, J.D., Konigs-
berg, W.H., and Steitz, T.A. (1997). Crystal structure of a pol the SeMet-derived model until convergence with the program
CNS_SOLVE (Table 2). The final R/Rfree values were 0.201/0.234, family replication DNA polymerase from bacteriophage RB69.
Cell 89, 1087–1099.using the same set of test reflections as the SeMet study. Side chain
density was not observed for Arg42, Glu71, or Lys158, and these 10. Zhao, Y., Jeruzalmi, D., Moarefi, I., Leighton, L., Lasken, R., and
Kuriyan, J. (1999). Crystal structure of an archaebacterial DNAwere built as alanines. Following observation of pH-dependent dif-
ferences in electon density maps of the active site, two alternate polymerase. Structure 7, 1189–1199.
11. Hopfner, K.-P., Eichinger, A., Engh, R.A., Laue, F., Ankenbauer,conformations of the TMP molecule and configurations of Mn(II)-
coordinated water molecules were refined. By comparing the refined W., Huber, R., and Angerer, B. (1999). Crystal structure of a
thermostable type B DNA polymerase from Thermococcus gor-temperature factors for a range of occupancies, it was determined
that the occupancies of the two configurations were 0.15 and gonarius. Proc. Natl. Acad. Sci. USA 96, 3600–3605.
12. Rodriguez, A.C., Park, H.-W., Mao, C., and Beese, L.S. (2000).0.85 at pH 5.8, where the lower occupancy structure at pH 5.8 is
Crystal structure of a pol alpha family DNA polymerase fromthe only one observed at pH 8.5.
the hyperthermophilic archaeon Thermococcus sp. 9 degreesThe structure of the native protein at pH 8.5 was refined using
N-7. J. Mol. Biol. 299, 447–462.the same SeMet-derived model (Table 2). The third ethylene glycol
13. Hashimoto, H., Nishioka, M., Fujiwara, S., Takagi, M., Imanaka,molecule was not fitted because the electron density around its
T., Inoue, T., and Kai, Y. (2001). Crystal structure of DNA poly-position indicated the presence of a second TMP molecule (Figure
merase from hyperthermophilic archaeon Pyrococcus kodakar-4C). There was good density for the sugar moiety. The phosphate
aensis KOD1. J. Mol. Biol. 306, 469–477.appeared to exist in at least three alternate conformations, and
14. Trincao, J., Johnson, R.E., Escalante, C.R., Prakash, S., Pra-the base also appeared disordered. The Rfree value increased when
kash, L., and Aggarwal, A.K. (2001). Structure of the catalyticrefinements were performed with the second TMP molecule in the
core of S. cerevisiae DNA polymerase : implications for transle-model. It was excluded from subsequent rounds of refinement, but
sion DNA synthesis. Mol. Cell 8, 417–426.the coordinates are given as a remark in the PDB file 1J53.
15. Ling, H., Boudsocq, F., Woodgate, R., and Yang, W. (2001).Both native structures exhibited good stereochemistry when
Crystal structure of a Y-family DNA polymerase in action: achecked using the programs PROCHECK [73] and WHAT_CHECK
mechanism for error-prone and lesion-bypass replication. Cell[74]. All indicators were either inside the normal range or better,
107, 91–102.with an overall G-factor of 0.4 from PROCHECK (Table 2).
16. Sawaya, M.R., Prasad, R., Wilson, S.H., Kraut, J., and Pelletier,
H. (1997). Crystal structures of human DNA polymerase  com-Acknowledgments
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The coordinates of the structures of the 186 proofreading domain
at pH values of 8.5 and 5.8 have been deposited with the Research
Collaboratory for Structural Bioinformatics under PDB accession
codes 1J53 and 1J54, respectively.
